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Abstract 
A 135 Wp high concentration photovoltaic module with III-V solar cells was installed at the National Pingtung 
University of Science and Technology in the southern Taiwan. Three different forms of equation to predict module 
temperature were examined. Solely based on the ambient temperature, the simplest equation form predicts the module 
temperature quite well. With known direct normal irradiation values, the more complicated third equation form gives 
the best prediction. A correlation to predict solar power generated was also provided. The effectiveness of present 
module was measured about 90% even after a direct sun exposure for 2 years.
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1. Introduction 
The conversion of sunlight into electricity can be achieved either indirectly through concentrated solar 
power (CSP) or directly through photovoltaics (PV). With the help of a tracking device, CSP systems use 
optical means such as lenses or mirrors to focus a large area of sunlight into a small beam. The 
concentrated heat energy of the beam is then collected to run a conventional power plant. On the other 
hand, PV refers to the solar power generation method through which solar cell creates electric voltage or 
current in a photovoltaic material, upon its exposure to sun light. In this process, the photons of the 
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absorbed sunlight dislodge the electrons from the atoms of the solar cell. When the free electrons move 
through the cell, electricity is generated as these electrons create and fill the holes in the cell.  
In additional to the traditional technologies, high concentration photovoltaic technology (HCPV) uses 
heliostats (i.e., high magnification lenses or mirror collectors) so that the use of costly photovoltaic 
materials can be reduced. A standard HCPV system actually consists of many components, such as the 
solar cells, the receiver, the special Fresnel lens, the secondary collimator, the sun tracker, and the 
inverter, just to name the most important ones. These extra components help HCPV systems with more 
supply of direct rays and also its greater performance [1]. Unlike PV cells, HCPV uses Group III-V 
semiconductor because an HCPV system can produce electricity at a cell efficiency of roughly 38%-39% 
if its concentration ratio is greater than 252 along with the use of a dual-axis solar tracking system. This is 
surely more advantageous over the PV technologies for the efficiencies of the thin film PV cells, the Poly 
Silicon PV panels, and the Mono Silicon PV cells are 14%, 12-14%, and 25% [2].  
HCPV systems are especially potential in areas with high daily DNI (Direct Normal Irradiation) at 
least 5-6 kWh/m² in average. These systems are particularly useful in deserted areas with high DNI. For 
several years, the Institute of Nuclear Energy Research (INER) has committed to upbringing the standard 
of domestic solar power technology [3-5]. Earlier this year, a team of researchers in the Institute of 
Nuclear Energy Research (INER) had successfully developed a solar cell at a concentration of 500x with 
an efficiency in excess of 37% based on 5.5 mm cells from Umicore’s 8" germanium wafers. Its 
production has been proven possible in mass production. 
Since the past few years, the research studies of HCPV have become more and more extensive. Zubi et 
al. [6] have performed a rather complete survey about high concentration photovoltaics using III–V cells. 
They also presented more than 20 kinds of PV systems developed. On the other hand, Pérez-Higueras et 
al. [7] have very recently summarized the progress of CPV technology. They were confident that the 
efficiency of solar cell may improve from 30–41% at 2010 to 42–50% at 2015. The module and overall 
system efficiencies therefore are expected to improve up to 40% and 32%, respectively. Based on their 
satellite derived DNI data, Viana et al. [8] believed it is possible that HCPV be used at sites with low 
daily DNI levels as low as 3.8 kWh/m2 if the production cost of HCPV is more competitive. 
The first objective of current work is to develop a relationship between the HCPV module temperature 
and its operating conditions, such as the ambient temperature, the DNI value, the wind speed, and the air 
relative humidity. Then, a correlation for solar power generation by present HCPV module is to be 
proposed and the effectiveness of present HCPV module is also investigated. 
2. Methodology  
The subject of present study is a 135 Wp HCPV power generation system developed in Institute of 
Nuclear Energy Research (INER). Its concentrator receiver assembly consists of an InGaP/GaAs/Ge 
triple-junction high-efficiency solar cell and a bypass diode attached to a cladded ceramic substrate with 
high thermal conductivity. The HCPV system was setup in the National Pingtung University of Science 
and Technology (NPUST). In Fig. 1, the subject of study is mounted in the middle. Six K-type 
thermocouples were attached to the backskin of the module immediately behind six solar cells. Another 
K-type thermocouple was placed in the air right above the module. These thermocouples are responsible 
for keeping track of the variation of solar cell temperatures and ambient air temperature. These 
temperatures are sampled and stored every minute through FLUKE 2640 NetDAQ data acquisition unit.  
In additional to the temperatures, the electric current and voltage of the InGaP/GaAs/Ge solar cells, 
and the AC power output through an inverter (Sunny Boy 700U) are collected every minute and stored 
locally in NPUST. A relay system was designed and developed for this module. It is only occasionally 
connected to a control HCPV unit and the experimental unit when needed. It automatically swaps 
between these two units so that the power they generate can be recorded almost simultaneously.  
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Fig. 1. Pictures of HCPV module installed in NPUST Fig. 2. Pictures of weather station installed in NPUST
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Fig. 3. Variations of temperature on the HCPV module installed in NPUST: (a) 2011/07/27 and (b) 2011/07/28 
In order to fully keep track of the climate conditions, a simplified weather station was setup along with 
the HCPV modules being tested. The weather station, as shown in Fig. 2, records ambient temperature, 
relative humidity, wind speed, wind direction, and irradiance. These on-site measurements are collected 
every minute and then sent to INER for storage. 
3. Results and Discussions 
3.1 Prediction of module temperature 
Module temperature is one of the most important factors used to predict the cell efficiency. In practical 
situation, the module temperature is frequently predicted through ambient temperature which is much 
more easily measured. Fig. 3 shows the variations of temperatures of the solar system on July 27 and 28, 
2011. The first and second indexes indicate the relative location of the solar cell. For example, T51 refers 
to the temperature at the cell on the fifth row but the first column. These 6 temperature readings prove 
that the temperature at the backskin of a cell could be in excess of 25°C above the ambient temperature. 
Also, the difference in operating temperature of the cells in the module at any instance could be as high as 
10°C. To characterize the module temperature, these 6 temperature readings were averaged to yield an 
overall representative module temperature. The first effort of current work was to develop a simple model 
to predict PV module temperature solely based on the ambient temperature between 5:00 a.m. and 7:00 
p.m. The intended form of equation was as follows:  
module ambientT a b T= + ×   (1) 
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where Tambient is in 
°C. Through a regression analysis, it was determined that a = -27.246 °C and b = 2.196, 
with a R2 value of 0.521. Should the amount of DNI be known, its values could be used to further 
improve eq. (1). The following form was proposed 
module ambient DNIT a b T c G= + × + ×  (2) 
where GDNI represents the DNI value in W/m
2. Through the same process, it was found that a = -
26.812 °C, b = 2.119, and c = 0.007 °C /(kW/m2) with a R2 value of 0.581. The form of eq. (2) was also 
further modified by adding two more additional parameters. This new version equation appeared to be  
module ambient DNI sT a b T c G d W e φ= + × + × + × + ×  (3) 
where Ws and φ represent the wind speed in m/s and relative humidity, respectively. Also, linear 
regression analysis yielded a = -34.449 °C, b = 2.227, c = 0.008 °C /(kW/m2), d = -1.895 °C/(m/s), and e = 
10.878 °C with a R2 value of 0.63. Fig. 4 compares the relative errors in the prediction of module 
temperature (in absolute scale) using eq. (1)-(3) based on the data collected. The relative error is defined 
as
predict average
average
Relative Error 100%
T T
T
−= ×   (4) 
More than 93.67% of the predictions using eq. (1) are within 3% of relative error from the actual 
module temperature. By including the DNI information, the prediction using eq. (2) has clearly improved 
as the probabilities associated to lower relative error increases while those associated to higher relative 
error decreases. The third equation form also accounts for wind speed and relative humidity. The 
probability of its prediction within 0.5% of relative error is the greatest while that beyond 3% is the 
lowest. In fact, more than 96.56% of prediction via eq. (3) is within 3% relative error. Fig. 5 shows the 
relationship between the module temperature obtained through measurement and prediction via eq. (3). 
The first equation works quite accurately considering its simple form. If DNI data is available, the second 
equation should be used at a reasonable complication.  
3.2 Generation of solar power 
The relationship between DNI and the efficiency of present HCPV module is shown in Fig. 6. For the 
sake of demonstration, only the data on June 6 and 9, 2011 are presented. The red symbols are the DNI 
values while the blue solid line indicates the efficiency of the HCPV module. Although the sun in 
Pingtung rose very early in the summer mornings, the sun light could only beam on the HCPV directly 
between 9:00 a.m. and 4:00 p.m. When the sky was not entirely clear, the instantaneous DNI was about  
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Fig. 6. Variation of HCPV efficiency with respect to local DNI:  
(a) 2011/06/06; (b) 2011/06/09
700 W/m2, as on June 6. When the sky was clear on June 9, DNI was greater than 800 W/m2. These DNI 
variations had a direct impact on the power generation of the HCPV module. Not only so, the HCPV 
module only started to generate electricity at 9:30 a.m. and stopped producing electricity at about 3:30 
p.m. when the HCPV efficiency dropped to nearly zero. The correlation to predict the amount of solar 
power generated Pac by current HCPV module followed the following form: 
[ ] [ ] ( ){ }2ac m,STC 1 1 ln lnP a P G b T c G d G e T⎡ ⎤= × × × + × × + × + × + ×⎣ ⎦  (5) 
where Pm,STC is the power of the module under standard testing conditions [W], G = GDNI/G0, and T = 
Tmodule - T0 [
°C]. G0 and T0 are the DNI and temperature at standard testing conditions. Linear regression 
suggests that a = 0.6529, b = 0.0118, c = 0.3833, and d = 0.2850, and e = -2.205 with a R2 value of 0.9123. 
It is remarkable to point out that eq. (5) is a restricted homogeneous equation. The relationship between 
the actual solar power measurements and its predictions is shown in Fig. 5.
3.3 Effectiveness of current HCPV system 
The HCPV system in present study has been installed in NPUST for two years. It is also interesting to 
find out how severe the system would have deteriorated over the years. A control HCPV unit has been 
built in additional to the experimental unit. By comparing the solar power output from these two units, 
their difference can be identified. Recently, a relay system has been built to trace almost simultaneously 
the solar power outputs from these two units. The power the control unit generated on Sept. 26, 2011 was 
consistently greater than the experimental unit, as shown in Fig. 8. To characterize the aging phenomenon 
of the experimental HCPV system, a parameter, the effectiveness ε, is introduced. It is defined as the ratio 
of the power the experimental unit produces to that by the control unit. It reads 
experimental unit
control unit
P
P
ε = .  (6) 
Effectiveness ε signifies the resistance of the HCPV system against its aging process. As shown in Fig. 
9, effectiveness of the experimental unit varied with the climate condition. However, it is apparent that 
the effectiveness of the experimental unit mainly fluctuates around 0.9. This means that the experimental 
unit is still capable of recovering roughly 90% of the power a brand new unit would produce despite a 
consistent exposure under direct sun for two years.  
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4. Conclusions 
This work has investigated the feasibility of three different forms of equation to predict module 
temperature. The one considers DNI along with ambient conditions yields the best prediction whereas that 
only considers air temperature yields the worst prediction. The period of power generation by the HCPV 
installed in NPUST is currently shorter than the period where DNI is non-zero. A correlation to predict 
solar power generation was proposed for present HCPV module. Effectiveness was introduced to measure 
the aging phenomenon of the HCPV. The experimental unit, after a long sun exposure for two years, is 
still capable of producing about 90% of the solar power a brand new unit can produce.  
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